Introduction
The BiPo-3 detector, running at the Canfranc Underground Laboratory (Laboratorio Subterráneo de Canfranc, LSC, Spain) since 2013, has been initially developed to measure ultra low natural radionuclide contaminations of 208 Tl and 214 Bi in the SuperNEMO double β-decay source foils.
The goal of the SuperNEMO experiment is to search for the neutrinoless double β-decay (ββ0ν) [1] as an experimental proof of the non-conservation of the total lepton number (L), as postulated in the standard model (SM) of Particle Physics, and the Majorana nature of neutrino, i.e. the identity between neutrino and antineutrino. As baseline, SuperNEMO will measure 100 kg of 82 Se double β-decay isotope, with a corresponding transition energy of Q ββ = 2995 keV, with a sensitivity of T 1/2 (ββ0ν) > 10 26 years after 5 year measurement. Other isotopes with higher Q ββ , as it is the case of 150 Nd (Q ββ = 3368 keV), are also considered. The isotopes are in powder form mixed with polyvinyl alcohol (PVA) glue and deposited between Mylar foils with a total surface area of 250 m 2 . Possible contaminations of 208 Tl and 214 Bi, produced inside the double β-decay source foils by the natural radioactive decay chains of 232 Th and 238 U respectively, represent two of the main sources of background for SuperNEMO, since their corresponding endpoint energies, Q β = 4.99 MeV1 (3.27 MeV) for the case of 208 Tl ( 214 Bi), are above the Q ββ value of 82 Se. The required radiopurities of the SuperNEMO double β-decay foils are A( 208 Tl) < 2 µBq/kg and A( 214 Bi) < 10 µBq/kg in order to achieve the desired sensitivity [1] . This is more than one order of magnitude lower than the sensitivity that can be reached by non-destructive radiopurity measurement techniques, as γ-spectrometry with ultra low background High Purity Germanium (HPGe) detectors [3] . BiPo prototypes [4] were developed first in order to demonstrate that a sensitivity of a few µBq/kg in 208 Tl was reachable using the proposed BiPo experimental technique. In 2009, the SuperNEMO collaboration decided to build a larger BiPo detector named BiPo-3, with a total sensitive surface area of 3.6 m 2 . The detector size was driven by the requirements of a relatively small detector and sufficient sensitivity to measure the radiopurity of the selenium double β-decay source foils planned for the SuperNEMO demonstrator. We show in this paper that the BiPo-3 detector is a generic low-radioactivity planar detector, which can measure the natural radioactivity in 208 Tl and 214 Bi of thin materials (surface density less than about 50 mg/cm 2 ) with an unprecedented sensitivity.
The BiPo-3 detector

BiPo-3 measurement principle
In order to measure 208 Tl and 214 Bi contaminations, the underlying concept of the BiPo-3 detector is to observe the so-called BiPo process, which corresponds to the detection of an electron followed by a delayed α particle. The 214 Bi isotope is a (β,γ) emitter (Q β = 3.27 MeV) decaying to 214 Po, which is an α emitter (E α = 7.69 MeV) with a half-life of 164 µs. The 208 Tl isotope is measured by detecting its parent, 212 Bi. Here 212 Bi decays with a branching ratio of 64% via a β emission (Q β = 2.25 MeV) to 212 Po, which is a pure α emitter (E α = 8.78 MeV) with a short half-life of 300 ns. Corresponding decay schemes are showed in Figure 1 .
The BiPo-3 experimental technique consists in installing the foil of interest between two thin ultra radiopure organic plastic scintillators, as illustrated in Figure 2 . The 212 Bi ( 208 Tl) and 214 Bi contaminations inside the foil are measured by detecting the β-decay as an energy deposition in one scintillator and no coincidence signal from the opposite side, and the delayed α particle as a delayed signal in the second opposite scintillator without a coincidence in the first one. Such a BiPo event is identified as a back-to-back event since the β and α particles enter different scintillators on opposite sides of the foil. The timing of the delayed α particle depends on the isotope to be measured. The energy of the delayed α particle provides information on whether the contamination is on the surface or in the bulk of the foil. A second topology of BiPo events can in principle be used as well. This involves the same-side BiPo events for which the prompt β signal and the delayed α signal are detected in the same scintillator without a coincidence signal in the scintillator on the opposite side. The detection of the same-side events would increase the BiPo-3 efficiency. However, the level of background is much higher than the one measured in the back-to-back topology because bulk contamination inside scintillators can mimic same-side events, reducing the sensitivity of the measurement. For this reason, only the back-to-back topology will be used for the rest of the analysis presented.
Description of the BiPo-3 detector
The BiPo-3 detector is composed of two modules. Each module (see Figure 3 ) consists of 20 pairs of optical sub-modules, positioned in two rows. Each optical sub-module consists of a polystyrenebased scintillator plate coupled to a 5-inch low-radioactivity photomultiplier tube (PMT, model Hamamatsu R6594-MOD) through a poly-methyl methacrylate (PMMA) optical guide. The submodules are arranged face-to-face to form a pair. The size of each scintillator is 300×300×2 mm 3 . The BiPo-3 detector corresponds to a total of 80 optical sub-modules and a total detector surface of 3.6 m 2 .
The scintillators are prepared with a mono-diamond tool from raw and radiopure polystyrene scintillator blocks produced by the Joint Institute for Nuclear Research (JINR, Russia). The surface Figure 3 . Details of the assembly of the 40 optical sub-modules inside a BiPo-3 module. On the right, a pair of optical sub-modules with the two thin scintillators (in green) face-to-face, coupled with a PMMA optical guide (blue) to a low-radioactivity 5-inch PMT (red).
of the scintillators facing the source foil is covered with a 200 nm thick layer of evaporated ultra radiopure aluminium in order to isolate optically each scintillator from its neighbour, and to improve the light collection efficiency. The radiopurity of the aluminium has been measured by HPGe spectrometry before evaporation, obtaining an upper limit of A( 208 Tl) < 0.2 mBq/kg. The entrance surfaces of the scintillators are carefully cleaned before and after the aluminium deposition using the following cleaning sequence: acetic acid, ultra pure water, isopropanol, and finally a second ultra pure water rinse. The light guide is first wrapped in a Tyvek layer in order to diffuse and collect the light into the PMT. Then it is covered with a black polyethylene film to avoid any optical crosstalk between sub-modules.
The mechanical structure supporting the optical sub-modules (see Figure 4 ) is a welded pure iron structure closed with pure iron plates (2 cm thick). The radon tightness of the BiPo-3 modules is provided by silicone seals. All material used for the detector has been selected by HPGe measurements ensuring high radiopurity. The total mass of one BiPo-3 module is approximately 700 kg.
The two BiPo-3 modules are installed inside a low-radioactivity shield (see Figure 5 ). The shield is built out of a radon-tight stainless steel tank with the upper part composed of a pure iron lid (2 cm thick). Low-activity lead bricks are assembled inside the tank and above the upper iron plate for a total thickness of 10 cm. Pure iron plates (18 cm thick) are added under the tank and on its lateral sides.
Note that a preliminary shield has been used for initial measurements with Module 1. Measurements acquired with this shield will be indicated when needed. The preliminary shield consisted of pure iron plates, 18 cm thick, on the bottom and the top, and 10 cm lead bricks on the lateral side, and was wrapped in a radon-tight plastic foil.
Special attention is required for the radon suppression in order to avoid radon diffusion between the two scintillator faces. Pure nitrogen flushing of the whole detector in separate volumes reduces potential radon background. The most critical volume corresponds to the one surrounding the scintillators. It is isolated by a radon-tight barrier film (ethyl vinyl alcohol copolymer and high density polyethylene -EVOH) which is placed around the light guides' collars near the PMTs. The PMTs are the main source of radon emanation and are enclosed in a gas-tight black box (made of black polyethylene). The mechanical structure of the two BiPo-3 modules and the shield tank are made gas-tight to avoid any external radon diffusion into the detector. The total volume of the BiPo-3 detector to be flushed is about 2 m 3 . The seals are made of RTV 615 silicone mixed with pure selenium powder in order to obtain a black compound against light leaks.
The insertion of the samples inside the BiPo-3 detector is performed in the LSC clean room. The corresponding module is opened by lifting the upper part with a manual hydraulic jack. The samples are placed directly on the surface of the lower scintillators and the upper scintillators are moved down until they are in contact with the samples.
Electronic readout and data acquisition
PMTs signals are sampled with MATACQ VME digitizer boards [5] , which contain 4 readout channels with the following features: 2.5 µs time window, 1 GS/s sampling rate, 12-bit amplitude resolution, 1 V amplitude dynamic range and an electronic noise level of about 250 µV (r.m.s.). The gain of each PMT is adjusted in order to have a signal amplitude of about 400 mV for a 1 MeV electron. The single photoelectron level is about 1 mV, corresponding to about 2 keV. The acquisition is triggered each time a PMT pulse exceeds 50 mV, corresponding to an energy threshold of about 130 keV.
A dedicated trigger board has been developed in order to trigger both the 212 Bi→ 212 Po ( 212 BiPo) and the 214 Bi→ 214 Po ( 214 BiPo) cascades with a double sampling technique. The signals of both the triggered PMT and the PMT associated with the opposite scintillator are sampled for 1.5 µs. After a 10 µs dead time, a watchdog of 1 ms is started, waiting for a possible second delayed pulse above 30 mV (about 80 keV) in these two PMTs. If the second delayed trigger is validated, pulses of the two PMTs are sampled for 960 ns. Finally, the prompt and delayed samplings are stored on a computer. If no second delayed trigger is validated, only the first sampling is stored. The first trigger is used to tag the 212 Each BiPo-3 module has its own independent acquisition system allowing the manipulation of one module without disturbing the measurement of the second one. Four trigger boards, 20 MATACQ boards, and two controller boards are used for the complete acquisition of data from the two modules.
BiPo-3 simulations
Different Monte Carlo simulations have been done mainly to better understand the detector performance and to compute the detection efficiency of BiPo events depending on their origin (sample, scintillator surface or bulk volume), and in different configurations (background or sample measurement). They have been performed using the SuperNEMO simulation software, using DECAY0 as event generator [7] . This is a GEANT4-based framework which allows the precise detector definition, including the main features of the BiPo optical modules.
Energy and timing calibration
For each detected event, several pulses corresponding to different optical sub-modules are sampled. The arrival time of each pulse is determined estimating the amplitude mean value on a 10 ns sliding window. When an amplitude mean value higher than -5 mV is obtained, the arrival time is fixed and the region of interest (RoI) start is then set 10 ns before the arrival time. The amplitude mean value is also estimated over a sliding window to determine the end of the RoI. It is set 100 ns after the time where the amplitude mean value is lower than -1 mV. The integral of the pulse over this RoI, equivalent to the charge, is directly proportional to the energy deposited in the scintillator. A pedestal value is also calculated for each pulse, corresponding to the average value of the amplitude over the 100 ns period before the start of the pulse. Its value is subtracted from each sampling point for the computation of the charge.
The linearity and the gain stability of all PMTs were initially measured on a PMT test bench. During the construction of the BiPo-3 detector, each optical sub-module was tested and precalibrated in energy with a dedicated calibration test bench. A 207 Bi source, which provides internal conversion electrons with energies of 482 keV and 976 keV from the K-lines (with branching ratios of 1.5% and 7.1%, respectively), was placed at the centre of the entrance face of the scintillator and used to define the PMT HV nominal value in order to equalize the gains of the 80 optical sub-modules. An 241 Am source, emitting 5.5 MeV α particles, was used to measure the uniformity of the surface response of the scintillators. A scan of 25 points at the surface of each scintillator was performed. The 241 Am source was covered by a 6 µm thick polyethylene film in order to prevent the scintillator from being contaminated by the source. A decrease of about 15% in the light collection was observed when the α source was moved from the centre of the entrance face of the scintillator to the edges. The average measured radial response, presented in Figure 8 , is fitted by a linear function, and is taken into account in the BiPo-3 detector simulations. The dispersion of the averaged responses with respect to the linear fit induces a systematic uncertainty of 5% on the BiPo detection efficiency, as discussed in section 3.4. After the installation of a new sample, and once the corresponding module is installed inside the shield, an energy and timing calibration is performed before strating the data taking. To do this, five 54 Mn sources, emitting γ's of 835 keV, are positioned on the top of the corresponding module. After closing the upper shield lid, about 12 hours of calibration data are collected.
The energy calibration is performed measuring the single Compton edge at 639 keV for electrons fully contained in one scintillator. Events with a signal detected in one scintillator and no coincidence signal detected in the opposite scintillator are selected for the energy calibration. The simulated and measured energy spectra are fitted with a Kolmogorov statistical test. By selecting the highest probability of agreement returned by the test, two energy calibration parameters are obtained: the charge to energy conversion factor (at the centre of the entrance face of the scintillator) and the energy resolution of the scintillator. The test is performed between 500 and 750 keV, providing a precise result while optimizes the computing time.
An example of the result of the energy calibration measured for an optical sub-module is presented in Figure 9 . The Compton spectrum and Compton edge are well reproduced by the simulations. The excess of background events observed above the Compton edge is due to the residual radon inside the shield during the calibration. The charge to energy conversion factors are typically around 100 keV/nVs and the energy resolution is σ E ∼ 20%/ E(1MeV). The energy resolution is estimated with a relative precision of about 20% (σ E varies from 16% to 24%). The charge to energy conversion factor of a given scintillator varies by less than 10% among different calibrations. A 10% variation of the charge to energy conversion factor induces a systematic uncertainty of 4% on the BiPo detection efficiency, as discussed in section 3.4.
The timing calibration is performed using the Compton electrons produced in one scintillator that crossed over into the opposite scintillator. Events with a signal detected in coincidence in both opposite scintillators are selected for the timing calibration. The average time difference between the two PMT signals is measured and corrected in the BiPo analysis software. An example of the time difference distribution measured during a calibration is presented in Figure 10 . The results of the timing calibration are very stable from one calibration to the next one, with variations of less than 1 ns. Such variation is negligible for the BiPo measurements.
Scintillation quenching of α particles
The efficiency of the BiPo-3 detector is limited by the capacity of an α particle to escape from the foil being measured, and then to deposit an amount of scintillation light above the detection threshold. The scintillation yield for α particles is quenched because of their very large stopping power. The amount of light produced by an α particle is smaller than that produced by an electron of the same energy. Moreover the quenching effect is not linear in energy. A dedicated measurement of the quenching factor Q α , defined as the ratio of the amount of light produced by an electron to the one produced by an α particle of the same energy, has been performed with the polystyrenebased plastic scintillators used in BiPo-3 for different α energies. The α particles of 5.5 MeV emitted by a 241 Am source were used. Their energies have been reduced by adding successively thin Mylar foils between the source and the scintillator. The total thickness of the foils varies from 1.5 to 26.5 µm. A simulation of α particles emitted by 241 Am and crossing several Mylar foils has been performed in order to determine the expected spectrum of the energy deposited in the scintillator. Then the quenching factor is calculated. Internal conversion electrons from a 207 Bi source are used for energy calibration. The results are presented in Figure 11 . This measurement is an improvement over the previous measurement performed for the BiPo-1 prototype [4] : the energy loss fluctuations have been reduced thanks to a collimator, and the background has been reduced by using a smaller scintillator sample. Another set of measurements has been carried out with a NaI crystal by detecting the low energy γ emitted in a delayed coincidence (half-life of about 60 ns) with the α particle, in order to suppress the external background. Results of this second measurement are presented also in Figure 11 . The values of the quenching factor for α particles with energies of 7.69 MeV and 8.78 MeV have been obtained separately by analysing the BiPo decays from the 222 Rn and 220 Rn (usually referred as thoron) contaminations respectively, on the surface of the BiPo-3 scintillators, as discussed in section 4. The measured values of the quenching factor are fitted by an effective model given by:
where E α is given in MeV and the fitted parameters are a = 99.82 ± 12.92, b = 0.316 ± 0.250, c = 3.836 ± 1.397, d = 12.64 ± 10.17 and e = 0.539 ± 1.267. This effective model is used in the BiPo-3 Monte Carlo simulations. The measured values are about 20% higher than the theoretical values calculated on the basis of the Birk's model [8] . A 20% uncertainty on the quenching factor for α particles corresponds to a systematic error of the BiPo detection efficiency of 5% as discussed in section 3.4. The energy threshold applied to the delayed α scintillation signal is 150 keV (300 keV) equivalent electron for the 212 BiPo ( 214 BiPo) detection, as presented in section 3. It corresponds to an energy threshold on the α energy of 2.2 MeV (4.5 MeV).
Pulse shape analysis and noise rejection
A pulse shape analysis, based on the charge over amplitude ratio (Q/A), is applied on the recorded pulses in order to reject noise. Given that both the charge and the amplitude of the signal are proportional to the energy, the Q/A ratio must be constant. A typical distribution of the Q/A ratio of an optical sub-module is represented in Figure 12 . Two distinct distributions of PMT signals are well identified. The main distribution, fitted by a Gaussian, corresponds to PMT signals induced by the scintillation in the plastic scintillators. The second distribution is understood as scintillation light background emitted inside the optical guide. Rare pulses with Q/A ratio above the signal peak are also observed. They correspond to sporadic noise in the PMT. Examples of pulses with typical Q/A ratio are displayed in Figure 12 . Scintillation signals are selected by requiring a Q/A ratio within 3σ of the main signal distribution.
Background measurement
Background sources
The first source of background is the rate of random coincidences between two opposite scintillators, within the delay time window, as illustrated in Figure 13 Figure 11 . Quenching factor of an α particle in the BiPo-3 scintillator as a function of the energy deposited by the α particle on the scintillator. The blue dots are the measurements using an 241 Am α source and different Mylar thickness. The red dots are the measurements obtained by detecting the low energy γ in coincidence with the α particle to tag them. The green dots correspond to the measurements of the BiPo decays from the radon and thoron contaminations on the surface of the BiPo-3 scintillators. The curve corresponds to the fit of the different points, being the values used in the BiPo-3 simulations (see text for details). The 68% C.L. band is also showed together with the energy thresholds of 150 keV (300 keV) equivalent electron, applied to the delayed α signal for the 212 BiPo ( 214 BiPo) detection.
in Figure 13 (b). The delayed α particle, emitted from the surface of the scintillator, deposits all its energy inside the scintillator, in contrast with a BiPo decay inside the sample foil, where the α particle loses part of its energy in the foil before reaching the scintillator. Therefore the surface background can be rejected by requiring the α energy to be lower than a given value. In the case of a 212 Bi or 214 Bi bulk contamination inside the scintillator volume, the delayed α particle also deposits all its energy inside the scintillator. In contrast, the prompt electron first triggers one scintillator block before escaping and entering the opposite one, as illustrated in Figure 13 (c). Therefore two prompt signals are detected in coincidence in the two opposite scintillators, allowing the rejection of this class of background events, as discussed in section 3.8. However, if the contamination is located very close to the surface, the prompt electron escapes the first scintillator without depositing enough energy to induce a trigger. The signal in coincidence with the prompt signal is thus not detected and this background is similar to a surface background event. The lowest signal detection threshold must be set in order to reduce the background coming from the scintillator contamination. We note that a thoron ( 220 Rn) or radon ( 222 Rn) deposition on the surface of the scintillators may also cause a surface background. Thus the background can be defined by two components: the random coincidences and the surface background. The energy spectrum of the delayed signal is the most sensitive observable to discrim- inate the two background components. For surface background, the delayed α particle deposits all its energy inside the scintillator, corresponding to a peak at about 800 keV for 214 Bi and about 1 MeV for 212 Bi, while random coincidence signals are dominant at low energy.
Measurement conditions
The background is measured by closing the detector, without any sample between the scintillators. half of Module 2 was empty during the measurement of reflecting foils used for bolometric double β-decay experiments. These two measurements are used to control the stability and reliability of the two previous dedicated background measurements. The 214 Bi background measurement of Module 2 during the measurement of reflecting foils is unavailable because of a problem with the delayed 214 BiPo trigger during that period.
Event selection
The selection procedure of the back-to-back BiPo events are described in the following. The energy of the prompt signal is required to be greater than 200 keV. The energy of the delayed signal is required to be greater than 150 keV for 212 BiPo events, and greater than 300 keV for 214 BiPo events. The higher energy threshold for the 214 BiPo measurement is set in order to suppress the external radon background, as explained in section 3.7. The delay time between the prompt and the delayed signal is greater than 20 ns and lower than 1400 ns for 212 BiPo events, and greater than 10 µs and lower than 1000 µs for 214 BiPo events. The charge over amplitude Q/A ratio of the prompt and delayed signals is required to be contained within the scintillation signal range. If a signal greater than 3 mV (about 10 keV) is detected in coincidence with the prompt signal in the opposite scintillator, the BiPo event is recognized as a bulk contamination background event and is rejected. This coincidence rejection is discussed in section 3.8.
An excess of BiPo events is observed in the first days of background measurement. This excess is due to the deposition of thoron ( 220 Rn) and radon ( 222 Rn) on the surface of the scintillators when the detector is opened in the clean room, before starting the background run. The thoron decays successively to 216 Po, then to 212 Pb, which finally decays to 212 Bi with a half-life of 10.6 hours. This results in an excess of 212 Bi decays on the surface of the scintillators for several dozens of hours. The radon decays with a half-life of 3.8 days and produces an excess of 214 Bi decays on the surface of the scintillators in the first days (see for instance Figure 18 ). In order to reject the thoron (radon) contamination, the 3 (15) first days of data are systematically removed for the 212 BiPo ( 214 BiPo) events selection.
Detection efficiency
For all measurements performed with the BiPo-3 detectors, the corresponding energy spectra and detection efficiencies are evaluated by simulating 212 BiPo and 214 BiPo decay cascades, uniformly distributed on the sample volume and the surface of the scintillators. This provides the efficiencies of BiPo events depending on their origin. From simulated data, the efficiencies are obtained after the application sequentially of the different selection criteria described in section 3.3, except for the noise rejection. The associated systematics are computed from these simulations taking into account the following sources: energy calibration, quenching factor, maximum allowed delay time, noise rejection, non-uniformity on the light collection efficiency and sample geometry. For all these sources, their corresponding uncertainties and their contribution to the overall efficiency systematic are summarized in Table 1 . It is worth mentioning that for the case of the background measurements, the systematic contribution due to the uncertainty on the sample geometry does not need to be taken into account, while for further sample measurements it has been considered. 
Analysis method
The background activities (surface background and random coincidences) are compared to the observed data, by fitting simultaneously the expected energy spectra of the delayed signal of the two background components, using the likelihood method. The systematic unceratainty of these effciencies are estimated based on the contributions summarized in Table 1 .
the charge over amplitude Q/A ratio of the signal is required to be contained within the scintillation signal range; (iii) if a signal greater than 3 mV is detected in coincidence in the opposite scintillator, the event is rejected. The rate of random coincidences is also determined independently by measuring the single counting rate of the scintillator plates, using the single counting events. The single rate is calculated by using all the data available and by averaging over all the scintillators. The expected number of random coincidences is equal to 2 × r p × r d × ∆T × T obs , where r p is the single rate measured by applying the prompt energy threshold (200 keV), r d is the single rate measured by applying the delayed energy threshold (150 keV for 212 Bi and 300 keV for 214 Bi), ∆T is the time window (1380 ns for 212 Bi and 990 µs for 214 Bi), and T obs is the duration of the measurement. Comparing the expected number of random coincidences with its fitted value gives a cross-check and a validation of the fitting procedure. The delay time distribution is also used a posteriori to validate the proportion of surface background to random coincidences. This is done by fitting an exponential decay with a half-life set to the value of the polonium decay half-lives (300 ns for 212 Po and 164 µs for 214 Po) plus a constant value for a flat random coincidence distribution.
Result of the background measurement in the 212 BiPo channel
The results of the background measurements in the 212 BiPo channel are presented in Table 3 . The level of random coincidences, calculated by measuring the single rate, is about 6×10 −4 counts/day/m 2 of scintillator surface area, and is negligible. Therefore only the surface background contributes to the observed background. We note that the levels of surface background measured separately in the two BiPo-3 modules are equal, within the statistical uncertainty. It is worth mentioning that the background is stable after having opened several times the Module 1, and that no contamination has been introduced. 
Result of the background measurement in the 214 BiPo channel
For the 214 BiPo measurement, the random coincidence background becomes larger than the surface background due to the longer 214 Po decay half-life, leading to BiPo events with preferentially low energy signals and a flat delay time distribution. However, another source of background is also observed at low delayed energy when studying the delay time distribution of these events, as shown in Figure 15 (left). In addition to the flat distribution expected for random coincidences, an excess of events is observed at low delay time with an exponential distribution and a half-life in agreement with the 214 Po half-life. This means that this background is produced by a 214 BiPo decay. However the decay does not occur on the scintillator surface since the delayed α particle is measured with a lower energy than expected for surface background. It indicates that the 214 BiPo decay is not located directly on the scintillator surface, but at an unknown distance from the lateral sides of the scintillators. This may explain the energy loss of the delayed α particle. A possible origin is an external radon contamination on the lateral sides of the scintillators. This background is suppressed by applying an energy threshold of 300 keV to the delayed signal, as shown in Figure 15 where the exponential component becomes negligible. Therefore an energy threshold of 300 keV on the delayed signal is systematically applied for the 214 BiPo measurement. The counterpart is that the 214 BiPo efficiency is reduced by about 60% when measuring samples.
The results of the 214 BiPo background measurements are presented in Table 4 . The expected rate of random coincidences, calculated by measuring the single rate, is 0.13 counts/day/m 2 of scintillator surface area for Module 1 with the final shield, and 0.10 counts/day/m 2 for Module 2.
The energy distributions of prompt and delayed signals and the delay time between the two signals are presented in Figure 16 , separately for the two distinct sets of background measurements with the final shield. The contribution of the two background components (random coincidences and surface background) are fitted to the delayed energy spectra. As presented in Table 4 , the number of random coincidences estimated by the fit is in agreement with the expected rate calculated from the single rates. It demonstrates the reliability both of the fit and of the estimated 214 Bi on the surface of the scintillators. The levels of surface background measured separately in the two BiPo-3 modules with the final shield are equal within the statistical uncertainty. A higher surface background was observed with the temporary shield, due to a poor tightness against external radon. Therefore this measurement is not taken into account for the estimation of the detector surface background. Adding the two distinct sets of background measurements of the two modules with the final shield (corresponding to 111.9 days of data collection and a scintillator surface area of 3.24 m 2 ), the fitted 214 Bi activity on the surface of the scintillators is A( 214 Bi) = 1.0 ± 0.4 µBq/m 2 . It is worth mentioning that the background remains stable, within the statistical uncertainty, during the measurement of enriched 82 Se foils placed in half of Module 1. A( 214 Bi) µBq/m 2 2.5 ± 0.8 1.0 ± 0.9 1.0 ± 0.5 1.0 ± 0.4 0.9 ± 0.6 Table 4 . Results of the 214 BiPo background measurements: separate results of the three dedicated background measurements, combined result of the two dedicated background measurements with final shield, and results of an additional background measurement carried out during the measurement of the first enriched 82 Se foils (Module 1). We report the duration of the measurement, the active scintillator surface area, the number of detected 214 BiPo events, the number of surface background events and random coincidences calculated by the fit of the delayed energy spectrum, the expected number of random coincidences calculated with the single rate measurement, and the activity in 214 Bi on the surface of the scintillators. 
Rejection of bulk background from the scintillator volume
As discussed previously, a BiPo background event produced by a bulk contamination inside the scintillator volume can be rejected by detecting a signal in coincidence with the prompt signal in the opposite scintillator. An example of event identified as a bulk background event with a coincidence signal is displayed in Figure 17 . The lower the energy threshold is to detect a signal, the higher is the background rejection efficiency. However, a possible optical cross-talk between two opposite scintillators also produces a coincidence signal, limiting the bulk background rejection. The level of optical cross-talk is measured in order to define the minimum threshold to be applied on the coincidence signals for the bulk background rejection. First, we show that a coincidence signal is observed when a BiPo event is produced by a bismuth ( 212 Bi and 214 Bi) bulk contamination, very close to the surface of the scintillator. We use the background 214 BiPo events produced by the radon deposition on the surface of the scintillators when the detector is opened in a clean room. The radon has a half-life of 3.8 days. It decays to 214 Bi with two successive α-decays and a β-decay. The recoil energy induced by the two successive α decays allows the nucleus to penetrate inside the plastic scintillator. The 214 Bi isotope is no longer on the surface but is slightly inside the scintillator (within a few tens of micrometers). As a consequence, a small signal is expected to be observed in coincidence with the prompt β signal for these sets of BiPo events produced by the radon deposition. To test it, the data of the first 15 days of 214 BiPo background measurements (with radon deposition) have been used. 467 214 BiPo events have been selected. This set of events corresponds to a pure sample of 214 BiPo events as shown in Figure 18 : the energy of the delayed signal is concentrated around 800 keV since the α particle deposits all its energy inside the scintillator, and the distribution of the delay time between the prompt and the delayed signal is in agreement with an exponential decay time with a half-life of 164 µs ( 214 Po). The amplitude of the signal in coincidence with the prompt signal is also presented in Figure 18 . A clear coincidence is observed, with an average amplitude of about 4 mV. It demonstrates that the BiPo-3 detector is able to identify a bismuth bulk contamination ( 212 Bi and 214 Bi), very close to the surface.
We then measure the optical cross-talk, using two separate analyses. The first analysis is performed with a pure 214 BiPo event sample, produced by the 214 Bi contamination on the surface of the scintillators and selected from the three background measurements. In this case, no signal is expected in coincidence with the delayed α signal. This sample of events is a sub-sample of the 214 BiPo background events selected in section 3.7, except that two criteria are modified: the energy of the delayed signal is required to be greater than 700 keV in order to select only the surface background events while rejecting the random coincidences and external radon background, and no criteria are applied on the amplitude in coincidence with the prompt or delayed signal. A total of 54 Figure 19 . For about 30% of the surface background events, a signal above 3 mV is observed in coincidence with the prompt electron signal. However, for only 10% of the events, a signal above 3 mV is observed in coincidence with the delayed α signal. This coincidence signal corresponds to an optical cross-talk. In order to measure more precisely the cross-talk with higher statistics, a second analysis is performed with a pure sample of 212 BiPo events, produced by a calibrated aluminium foil which is used to validate the BiPo measurement, as discussed in section 4. A total of 773 212 BiPo events produced in the aluminium foil are selected. No signal in coincidence with the prompt β signal is expected for this set of 212 BiPo events. The amplitude distribution of the signal in coincidence with the prompt β signal is presented in Figure 20 . The coincidence amplitude, due to optical cross-talk and noise, is greater than 3 mV for only 4% of the 212 BiPo events. In other words, the detection efficiency of the BiPo-3 detector is reduced by 4% when the criterion to reject the bulk background is applied (requiring a coincidence amplitude lower than 3 mV). The foil was measured successively in the two BiPo-3 modules. For each module, a unique foil is placed in one half of the module, while two overlaid foils (with a total thickness of 176 µm) are placed in the second half, in order to measure separately two different thicknesses. The aluminium foils are wrapped in a 4 µm thick radiopure polyethylene film in order to prevent scintillator surface contamination.
208 Tl activity measurement
The criteria to select the back-to-back 212 BiPo events are identical to those used for the background measurement (listed in section 3.3). The duration of measurement, the mass exposure and the number of selected events are given in Table 5 . The expected background is negligible for the 212 BiPo measurement and only 212 Bi contamination inside the aluminium foil is considered. We assume a uniform bulk contamination in the foil. The detection efficiency, calculated by Monte Carlo simulation, is 5.2±0.5 % for a single foil, and 2.3±0.2 % for two overlaid foils. The simulated energy distribution of the delayed α particle is fitted to the observed data, using the likelihood method. Result of the fit is presented in Figure 21 , showing the energy spectra of the prompt and delayed signal. Simulation is in fair agreement with data. The small difference observed for the energy of the α particle comes from the uncertainty on the scintillation quenching factor measurement. The delay time distribution is fitted by an exponential decay with a half-life equal to the 212 Po half-life of 300 ns. The observed delay time distribution is in agreement with the expected 212 Po decay time distribution. The 208 Tl foil activities, measured for one and two foils and successively for the two modules, are summarized in Table 5 . The different contributions to the systematic uncertainty on the reconstructed activity are estimated as follows. Main contribution comes from the associated uncertainty to the detection efficiency. As it has been discussed in section 3.4, this comprises the systematics associated to the uncertainties on the energy calibration, the α particles quenching factor, the registered signals with long delay, the light collection efficency, the noise rejection and the thickness of the sample. When there is a sample between the scintillators, the computed detection efficiency has an associated systematic of 10.2 %. Moreover, in this case the activity measurement has been carried out for several values of the energy threshold for the prompt signal (from 200 to 600 keV) and for the delayed signal (from 100 to 600 keV) in order to estimate the contribution of the simulated energy spectrum. An additional systematic uncertainty of 6% has been estimated, which is correlated to that associated to the energy calibration. Finally, a 6% systematic uncertainty between the two BiPo-3 modules has been estimated from the difference between the different activity measurements. All these components add up to a total systematic uncertainty of 12%. The final result of the measured 208 Tl activity, combining the two foil geometries (single and two overlaid foils) and the two BiPo-3 modules, is:
The 208 Tl activity measurement is in agreement, within uncertainties, with the activity reported by the HPGe measurement. The sample measured by the HPGe corresponds to one of the ends of the full foil measured with BiPo and it corresponds to about 1/10 of the full foil. In order to compare exactly the same sample and to test the homogeneity of the result, activity measurements have been carried out on individual pairs of optical sub-modules. well within the combined result for the full foil and are in agreement with the HPGe measurement. Inhomogeneities in the measured activities are observed in different pairs of sub-modules. Same variations appear in the two BiPo-3 modules for the same locations on the foil and similar result is obtained with the measurement of the two-foils sample. It seems that non homogeneous 232 Th contamination exists in the aluminium foil. 
214 Bi activity measurement
The criteria to select the back-to-back 214 BiPo events are identical to those used for the background measurement (listed in section 3.3), except for the energy thresholds. The random coincidence background becomes relatively high for the 214 BiPo measurement because of the activity of the aluminium foil itself. In contrast, the surface background is negligible. In order to reduce the random coincidences, the energy threshold of the prompt signal is increased to 300 keV, while the energy threshold of the delayed signal is set to 150 keV in order to study the detection efficiency for α particles at low energy. With the two overlaid foils sample, the rate of random coincidences is too high. Therefore, we present here the results for the single foil sample only. The duration of measurement, the mass exposure and the number of selected events are given in Table 6 . The detection efficiency, calculated by Monte Carlo simulation, is 2.7±0.3%.
Mod. 1 11.6 192.6 2.7 ± 0.3 250 62.0 185.6 11.9 ± 2.8(stat.) ± 1.4(syst.) Mod. 2 25.8 186.7 2.7 ± 0.3 477 95.5 354.0 8.5 ± 1.8(stat.) ± 1.0(syst.) Table 6 . 214 Bi activities in the aluminium foil measured successively with the two BiPo-3 modules. T obs is the duration of the measurement, is the detection efficiency, N obs is the number of observed 214 BiPo events, N f it is the number of fitted events to the delayed energy spectrum for the 214 Bi foil contamination and for the random coincidences (RC) and A( 214 Bi) is the corresponding activity of the foil in 214 Bi.
The energy spectrum of the random coincidence background is measured independently by selecting events with a signal detected in one scintillator and no signal detected in coincidence in the opposite scintillator. The random coincidence energy spectrum, and the simulated energy spectrum of the delayed α particle from 214 Bi contamination inside the aluminium foil, are simultaneously fitted to the observed data using the likelihood method. Results of the fit and of the measured 214 Bi activity of the foil are given in Figure 23 and Table 6 . The 214 Bi activities measured independently with the two modules are in agreement with each other, and are in agreement with the activity reported by the HPGe measurement. The delay time distribution is fitted separately by a constant plus an exponential decay with a half-life equal to the 214 Po half-life of 164 µs. The fitted constant value corresponds to a number of random coincidences of 205 ± 21 for Module 1 and 379 ± 29 for Module 2. They are in agreement with the number of random coincidences fitted to the delayed energy spectrum (see Table 6 ). The same analysis is also performed by adding the requirement of a delay time lower than three times the 214 Po half-life of 164 µs, in order to reduce the random coincidences background. The results of the fit of the delayed energy spectrum are given in Figure 24 and Table 7 . The signalover-background ratio is increased by almost 60% while the measured activity is slightly reduced by about 10% but in agreement within uncertainty with the previous measurement. Table 7 . Same as Table 6 with the additional criteria of a delay time lower than three times the 214 Po half-life of 164 µs.
Measurement of the first SuperNEMO 82 Se double β-decay source foils
Several samples have been measured in BiPo-3: most of them are samples used for the SuperNEMO double β-decay source foils production, but also others used in other double β-decay or rare events experiments like CUORE [9] , LUMINEU [10] and Micromegas TPC [11, 12] . We present here the results of measurements of the 208 Tl ( 212 BiPo) and 214 Bi ( 214 BiPo) activities of the first SuperNEMO double β-decay source foils. The results of measurement of the other samples will be presented in dedicated articles. The SuperNEMO foils are in the form of strips, 270 cm long and 13.5 cm wide. To produce enriched 82 Se foils for the SuperNEMO experiment, thin and chemically purified 82 Se powder is mixed with PVA glue and then deposited between Mylar foils. The area density of 82 Se powder and PVA mixture is 41 mg/cm 2 (the area density of the 82 Se powder only is 37 mg/cm 2 ) for the first foils reported here. The Mylar foil is 12 µm thick and has been irradiated at JINR Dubna (Russia) with an ion beam and then etched in a sodium hydroxide solution. This produces a large number of microscopic holes in order to ensure a good bond and to allow water evaporation during the drying of PVA.
Analysis method
The analysis method for the 212 Bi and 214 Bi contamination measurements inside the samples is similar to the method used for the background and the aluminium foils measurements. The criteria to select the back-to-back BiPo events are identical to those used for the background measurement (listed in section 3.3). For the 214 Bi measurement, the delay time between the prompt and the delayed signal is required to be lower than 492 µs (three times the 214 Po half-life). This reduces the random coincidences background, as explained in the measurement of the calibrated aluminium foil (section 4.2). We search for an excess of BiPo events above the background expectation in the delayed energy spectrum. The background components are random coincidences and bismuth ( 212 Bi and 214 Bi) contamination on the scintillator surface. For the 82 Se foils, the bismuth contamination inside the irradiated Mylar is added as an extra component of background. The number of random coincidences is fixed to the expected value calculated from the single rates of scintillators using the same set of data (as explained in section 3.5). The surface background and the irradiated Mylar counting rates are constrained by the quoted values from the dedicated measurements, within the 90% C.L. uncertainty interval (see the combined values in Tables 3 and 4 for the surface background,  and Tables 8 and 9 for the irradiated Mylar).
The delayed energy spectra of the background components are then simultaneously fitted to the observed data, using the likelihood method. The energy spectrum of each component is calculated by Monte Carlo, except for the random coincidence background for which the energy spectrum is measured using the single counting events.
Measurement of the raw materials
Before producing the 82 Se foils, the raw materials have been first measured separately with the BiPo-3 detector (PVA, Mylar before and after irradiation). Dedicated PVA pads (300 × 300 mm 2 and 195 µm thick) have been produced for the PVA measurement. The PVA and the irradiated Mylar have been measured in Module 1. The raw Mylar (before irradiation) has been measured in Module 2. The results of these measurements are presented in Tables 8 and 9 , respectively for the 212 Bi and 214 Bi activities of the bulk. Results are given with two different criteria to select the BiPo events. In the first case, a single energy threshold is applied to the delayed signal. In the second case, an upper limit of 700 keV (600 keV) for 212 Bi ( 214 Bi) is required for the energy of the delayed signal, thus rejecting the surface background. Table 8 . Results of 208 Tl activity measurements of raw Mylar, irradiated Mylar and PVA. T obs is the duration of the measurement; S is the active scintillator surface area; N bkg is the expected background from the fit of the experimental data (surface background + coincidences); N obs is the number of observed 212 BiPo events; is the detection efficiency.
The Mylar before irradiation and the PVA are very pure in 208 Tl. For the PVA samples, using the statistical analysis approach described in [13] , an upper limit of A( 208 Tl) < 12 µBq/kg (90% C.L.) is obtained with an exposure of 28.8 kg×days. A 208 Tl contamination is observed inside the Mylar after irradiation at a level of A( 208 Tl) = 90 +63 −42 µBq/kg (90% C.L.). This contamination is taken into account in the measurement of the enriched 82 Se foils. It is worth mentioning that for these results, as well as for all the other measured samples, a contamintaion value is given if the lower limit of the obtained interval is higher than zero. Otherwise, the upper limit of the interval is quoted as the corresponding upper limit of the measurement. For the 214 BiPo measurements, no significant excess of events is observed above the background expectation in the energy range corresponding to bulk events (delayed energy < 600 keV), and upper Table 9 . Results of 214 Bi activity measurements of raw Mylar, irradiated Mylar and PVA. T obs is the duration of the measurement; S is the active scintillator surface area; N bkg is the number of expected background from the fit of the experimental data (surface background + coincidences); N obs is the number of observed 214 BiPo events; is the detection efficiency. limits in 214 Bi activity are set. However, a surface contamination in 214 Bi is observed on the PVA pads and the irradiated Mylar. It corresponds to an excess of events with a delayed energy between 600 and 900 keV, in agreement with a surface contamination, as shown in Figure 25 for the irradiated Mylar measurement. By adding this background contribution to the fit, a surface contamination in 214 Bi is estimated to be 3.7 +6.8
µBq/m 2 for the irradiated Mylar, and 31 ± 8 µBq/m 2 for the PVA pads (90% C.L. intervals).
Measurement of the enriched 82 Se foils
Two first SuperNEMO 82 Se foils have been measured from August 2014 to December 2014, using half of the available surface area of Module 1. The second half has been kept empty and has been used to control the background, as discussed in section 3. In December 2014, two additional foils have been installed besides the two first foils in the second half of the module. Then the four foils have been measured from December 2014 to June 2015. A picture of the installation of the SuperNEMO 82 Se foils inside the BiPo-3 detector is shown in Figure 26 . Combining the two sets of measurements, the total duration of measurement is 262 days for the 212 BiPo measurement (after rejecting the first three days to suppress the background induced by the thoron deposition) and 241.1 days for the 214 BiPo measurement (after rejecting the first fifteen days to suppress the background induced by the radon deposition), the total effective mass of the 82 Tables 10 and 11 for the 212 BiPo  and 214 BiPo measurements, respectively. In order to reject the surface background and to reduce the background contribution from the bismuth contamination inside the irradiated Mylar, an upper limit on the delayed energy is added (700 keV for 212 BiPo and 600 keV for 214 BiPo), allowing to increase the signal over background ratio. For the 212 BiPo measurement ( Adding the activity measured in the irradiated Mylar ( For the 214 BiPo measurement (Table 11) , with a delayed energy lower than 600 keV, 44 214 BiPo events are observed and 35.9 background events are expected from the fit. The excess of observed events above the fitted background corresponds to 1.35σ excess. Considering it as a background fluctuation, and taking into account the detection efficiency of 0.66 ± 0.07% (calculated by simulating 214 BiPo events distributed uniformly inside the 82 Se+PVA mixture), an upper limit at 90% C.L. is set to the 214 Bi contamination of the 82 Se+PVA mixture:
The sensitivity to 214 BiPo decays is reduced by the uncertainty on the irradiated Mylar measurement. We note that the fitted activity of the irradiated Mylar is at its maximum allowed value, constrained by the upper limit (90% C.L.) from the dedicated measurements (see Table 9 The expected background events are calculated by using the measured activities which have been reported in this paper. For the fit, the number of random coincidences is fixed to the expected value while the numbers of surface background events and irradiated Mylar events are constrained by the expected numbers within the 1σ uncertainty interval. Number of expected and fitted events are also given in the delayed energy range where the signal events from 214 BiPo decays inside the 82 Se+PVA mixture are expected (300 < E α < 600 keV).
of the irradiated Mylar with higher exposure is ongoing in order to improve the sensitivity of the 214 BiPo measurement. Random coincidences are also a limitation for the 214 BiPo measurement.
The reduction of coincidences is foreseen by improving the shield tightness and by applying a pulse shape discrimination, as developed with the BiPo-1 prototype [4] .
Sensitivity of the BiPo-3 detector
The sensitivities of the BiPo-3 detector in 208 Tl and 214 Bi are presented in Figure 29 for the measurement of the SuperNEMO 82 Se foils. The sensitivities are calculated assuming that the composition of the foils is the same as those measured previously and that the total sensitive area of the BiPo-3 detector (3.6 m 2 ) is used. We assume that the Mylar is ideally pure and contains no bismuth ( 212 Bi and 214 Bi) contamination. Efficiencies are calculated assuming only bismuth contaminations inside the 82 Se+PVA mixture. We also take into account the surface background and the random coincidences. Their activities are set to the combined measured values reported in Tables 3 and 4 . The requirement of a delay time lower than 492 µs is added for the 214 BiPo events. Sensitivities of A( 208 Tl) < 2 µBq/kg (90% C.L.) and A( 214 Bi) < 140 µBq/kg (90% C.L.) will be reached in 6 months of measurement. The sensitivity in 208 Tl is in line with SuperNEMO 208 Tl requirements. However the SuperNEMO required 214 Bi activity is about 10 times smaller than the BiPo-3 214 Bi sensitivity which is limited by the random coincidence background. An electron/α discrimination based on a pulse shape analysis is under development in order to reduce the random coincidence background. 
Conclusion
The BiPo-3 detector is a new generation of low-radioactivity detectors, dedicated to the measurement of ultra low 208 Tl and 214 Bi contaminations in thin materials with a surface area of measurement of 3.6 m 2 . It is fully operational since 2013 in Canfranc Underground Laboratory. Long periods have been dedicated to the background measurement. The first source of background is the scintillator surface contamination. Surface activities of A( 208 Tl) = 0.9 ± 0.2 µBq/m 2 and A( 214 Bi) = 1.0 ± 0.4 µBq/m 2 have been measured. It has been verified that this background is stable in time, and unaffected by the opening of the detector. Moreover, it has been shown that this background component can be strongly suppressed by analysing the delayed α energy spectrum. The second source of background is the random coincidences between opposite scintillators. The coincidence rate is measured independently and with consistent results. Although the coincidences are negligible for the 208 Tl measurement, they represent the dominant component of background for the 214 Bi measurement, with a level of 0.13 counts/day/m 2 of scintillator surface area for the first BiPo-3 module and 0.10 counts/days/m 2 for the second module. An electron/α discrimination based on a pulse shape analysis is under development in order to reduce even further the random coincidence background for the 214 At the time of this paper, 11 enriched 82 Se foils (for a total 82 Se mass of 1.43 kg and a total surface area of 3.85 m 2 ) have been produced and are under measurement in the BiPo-3 detector. Other enriched 82 Se foils are under development, with a different purification method and a different production technology. Part of these foils will also be measured in the BiPo-3 detector. More samples used by fundamental physics experiments (reflecting foils and plastic film for scintillating bolometer and readouts used in Micromegas TPC) have been measured with the BiPo-3 detector. Results of these measurements will be given in a future dedicated paper. The BiPo-3 detector has become a generic detector and will be available in 2017 to measure samples for various purposes.
